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Noncollinear antiferromagnets, such as Mn3Sn and Mn3Ir, were recently shown to be analogous to
ferromagnets in that they have a large anomalous Hall effect. Here we show that these materials are
similar to ferromagnets in another aspect: the charge current in these materials is spin-polarized.
In addition, we show that the same mechanism that leads to the spin-polarized current also leads to
a transverse spin current, which has a distinct symmetry and origin from the conventional spin Hall
effect. We illustrate the existence of the spin-polarized current and the transverse spin current by
performing ab initio microscopic calculations and by analyzing the symmetry. We discuss possible
applications of these novel spin currents, such as an antiferromagnetic metallic or tunneling junction.
Introduction. Spintronics is a field that studies phe-
nomena in which both spin and charge degree of elec-
tron play an important role. Many of the key spin-
tronics effects are based upon the existence of spin cur-
rents. Two main types of spin currents are utilized: the
spin-polarized currents in ferromagnets (FMs) and the
spin currents due to the spin Hall effect (SHE) which
are transveral to the charge current and appear even in
non-magnetic materials. The most important effects that
originate from the spin-polarized currents in FMs are the
giant and the tunneling magnetoresistance effects (GMR
and TMR) [1–3] and the spin-transfer torque (STT)
[4, 5]. These effects are utilized for magnetic sensing and
in the magnetic random access memories (MRAMs) [6].
This memory is non-volatite and has speed and density
comparable to the widely used dynamic random access
memory. The SHE is pivotal for spintronics since it al-
lows transforming charge current into a spin current. It is
responsible (though other effects can contribute) for the
spin-orbit torque (SOT) [7, 8] in multilayer heterostruc-
tures, which can be used for efficient and fast switching
of FM layers. The SOT is now also being explored for
use in MRAMs [9, 10].
While spintronics has traditionally utilized FM and
non-magnetic materials, in the past few years also anti-
ferromagnetic (AFM) materials have attracted a consid-
erable interest. AFMs offer some unique advantages com-
pared to FMs, but are much less explored (see reviews
[11–13]). AFMs have a very fast dynamics, which al-
lows for switching on ps timescale [14–16]. Furthermore,
there exists a wide range of AFM materials, including
many insulators and semiconductors, multiferroics [17]
and superconductors [18]. Utilizing (and also studying)
AFMs is difficult, largely because the magnetic order in
AFMs is hard to detect and to manipulate.
AFM spintronics has so far focused mostly on collinear
AFMs in which the electrical current is not spin-
polarized. This limits the spintronics effects that can
be observed in such AFMs. Here we show that this lim-
itation only relates to the simple collinear AFMs. We
demonstrate by means of symmetry arguments and ab-
inito calculations that in non-collinear AFMs novel type
of spin currents occur. These spin currents have a longi-
tudinal component (i.e., flowing along the same direction
as the electrical current) or in other words the electri-
cal current is spin-polarized. Unlike in FMs, these spin
currents also have a large transverse component. Such
a spin current resembles the SHE in that it is a spin
current transverse to the charge current, however, it is
fundamentally distinct from the SHE. A key distinction
is that the spin currents we discuss here are odd under
time-reversal, whereas the SHE is even. This is analo-
gous to the distinction between normal current and the
anomalous Hall effect (AHE).
Successful experimental demonstrations of electrical
detection and manipulation of AFMs has utilized rela-
tivistic effects which do not rely on the spin-polarized
current [19–24]. These methods could be used to develop
AFM spintronic devices, but they have some disadvan-
tages compared to the methods used in FMs. Our work
shows that in non-collinear AFMs spintronics could in-
stead be developed along a similar route as FM spintron-
ics. As an example we propose that a magnetoresistance
and STT will be present in an AFM junction.
The transverse spin currents are also important for
spintronics as they allow for similar functionality as the
SHE, but have a different origin and symmetry. This
could, for example, be useful for the SOT since the high
symmetry of SHE in commonly used metals is limiting
[25]. Additionally, the odd spin currents are directly rel-
evant for experiments which demonstrated a large SOT
in non-collinear AFM/FM heterostructures [26–30].
We illustrate the existence of the novel spin currents on
non-collinear AFMs Mn3Sn and Mn3Ir, which have tri-
angular magnetic configurations shown in Figs 1(a),(b).
These AFMs have recently attracted attention because
they were shown to have a large anomalous Hall effect
(AHE) [31–34] as well as a magneto-optical Kerr effect
[35], even though they have only a very small net mag-
netization (which is not the origin of these effects). The
conventional SHE in the non-collinear AFMs was already
theoretically studied in depth in Ref. [36], thus we focus
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2here only on the odd spin currents.
Mn3Sn Mn3Ir
(a) (b)
FIG. 1. (a) Crystal and magnetic structure of Mn3Sn (as well
as Mn3Ga and Mn3Ge) and (b) Mn3Ir (as well as Mn3Rh,
Mn3Pt).
Symmetry analysis and calculations. The response of
metals to electric fields can be described well by linear
response theory. Here we use the so-called constant Γ
approximation, i.e., we assume that the only effect of dis-
order is a constant band broadening, which modifies the
Green’s functions of the perfectly periodic system in the
following way: GR(ε) = 1/(ε−Hˆ+i0+)→ 1/(ε−Hˆ+iΓ),
where Hˆ is the Hamiltonian, ε is energy, GR is the re-
tarded Green’s function (the advanced Green’s function
is modified analogously) and Γ is a constant that de-
termines the broadening magnitude. Every linear re-
sponse formula can be decomposed into two contributions
which transform in the opposite way under time-reversal.
Within the constant Γ approximation the two contribu-
tions to the linear response of an observable Aˆ to an
electric field are given by δA = χIE + χIIE, where [37]
χI = −e~
pi
∑
k,n,m
Γ2Re
(
〈nk| Aˆ |mk〉 〈mk| vˆ · Eˆ |nk〉
)
[(EF − εnk)2 + Γ2][(EF − εmk)2 + Γ2] ,
(1)
χII = −2~e
n occ.
m unocc.∑
k,n6=m
Im
(
〈nk| Aˆ |mk〉 〈mk| vˆ · Eˆ |nk〉
)
(εnk − εmk)2 ,
(2)
Here e is the (positive) elementary charge, k is the Bloch
wave vector, n,m are the band indices, εnk is the band
energy, EF is the Fermi energy, vˆ is the velocity operator,
Eˆ is the direction of the electric field and E its magni-
tude. In Eq. (2) the sum is restricted to m,n such that
n is occupied and m is unoccupied. The sums over k
run over all k points in the first Brillouin zone. We give
here the contribution χII only in the limit Γ→ 0, as this
expression is usually considered in this limit. This con-
tribution is known as the intrinsic contribution because
it is determined only by the electronic structure of the
perfect crystal. In the limit Γ→ 0, Eq. (1) becomes the
well known Boltzmann formula with constant relaxation
time (with the relaxation time given by ~/2Γ). This con-
tribution is diverging as 1/Γ when Γ → 0. While these
formulas are simple they often provide at least qualita-
tively and sometimes even quantitatively correct descrip-
tion. We use them to illustrate the symmetry of linear
response and to confirm the existence of the novel spin
currents. When Aˆ is equal to current density operator:
jˆ = −evˆ/V , Eqs. (1), (2) describe conductivity. When Aˆ
is set to the spin-current operator, jˆsi,j =
1
2{sˆi, vˆj}, these
equations instead describe spin-conductivity.
Eqs. (1) and (2) transform differently under time-
reversal because time-reversal is an anti-unitary operator,
which transforms the matrix elements as: 〈nk| Aˆ |nk〉 →
〈nk|TAˆT |nk〉∗ [38]. Because of the complex conjuga-
tion the term (2) will contain additional minus under a
time-reversal transformation compared to the term (1).
Thus for conductivity the term (1) is even under time-
reversal, while the term (2) is odd. Note that equiva-
lently these terms are also even resp. odd under the re-
versal of all magnetic moments. The even part describes
the ordinary conductivity, while the odd part describes
the AHE. Since AHE is odd under time-reversal it can
be nonzero only in a magnetic system (assuming non-
interacting electrons). Traditionally, it has been consid-
ered for FMs only, but recently it was shown that Eq.
(2) is also nonzero and relatively large in non-collinear
AFMs [31, 32]. Collinear AFMs are typically symmet-
rical under simultaneous time-reversal and lattice trans-
lation or under simultaneous time-reveral and inversion
and these symmetries prohibit the existence of AHE. In
non-collinear AFMs, both of these symmetries are usu-
ally broken and thus the non-collinear AFMs can in gen-
eral have an AHE.
For spin-conductivity the transformation under time-
reversal is precisely opposite because the spin current
operator contains an additional spin operator which is
odd under time-reversal. Thus for spin-conductivity, Eq.
(1) is odd under time-reversal, while Eq. (2) is even.
The spin-currents that are even under time-reversal are
known as the SHE. The odd spin-currents were previ-
ously considered only in FMs, however, as we will show
in this manuscript they also exist in non-collinear AFMs
(while in collinear AFMs they will typically be prohibited
by the same symmetries as AHE), in complete analogy
to the AHE. Since the intrinsic contribution to the spin
currents in the triangular AFMs was recently explored in
detail in [36], we focus here only on the spin-currents that
are odd under time-reversal described by Eq. (1). To
evaluate this equation, the ground state eigenvalues and
eigenfunctions are needed, which we obtain from a non-
collinear density functional theory calculation. We use
the VASP code with the PBE-GGA exchange-correlation
potential. To make the calculation faster we utilize the
Wannier interpolation [36, 37]; see the Supplemental Ma-
terial [39] for a detailed description of the method.
Within linear response we can describe the spin cur-
rent using a spin-conductivity tensor σijk, such that∑
k σ
i
jkEk is the spin current with spin-polarization along
3no SOC SOC
σx
 0 σxxy 0σxxy 0 0
0 0 0
  0 σxxy 0σxyx 0 0
0 0 0

Mn3Sn σ
y
−σxxy 0 00 σxxy 0
0 0 0
 σyxx 0 00 σyyy 0
0 0 σyzz

σz
0 0 00 0 0
0 0 0
 0 0 00 0 σzyz
0 σzzy 0

σx
σxxx 0 00 −σxxx
2
0
0 0 −σxxx
2
 σxxx σxxy σxxyσxyx σxyy σxyz
σxyx σ
x
yz σ
x
yy

Mn3Ir σ
y
−σxxx2 0 00 σxxx 0
0 0 −σxxx
2
 σxyy σxyx σxyzσxxy σxxx σxxy
σxyz σ
x
yx σ
x
yy

σz
−σxxx2 0 00 −σxxx
2
0
0 0 σxxx
 σxyy σxyz σxyxσxyz σxyy σxyx
σxxy σ
x
xy σ
x
xx

TABLE I. Symmetry restricted form of the odd spin-
conductivity tensors in Mn3Sn and Mn3Ir with and without
SOC. For Mn3Ir the tensors are given in the coordinate system
shown in Fig. 1(b). For Mn3Sn we use a cartesian coordinate
system related to the coordinate system in Fig. 1(a) in the
following way: x = a, y = (a+ 2b)/
√
3, z = c.
i and flowing in the direction j. By considering all the
symmetry operations and how they transform the spin-
conductivity tensor [38, 40, 41] we find that the odd spin
currents are indeed allowed by symmetry in the Mn3X
compounds. Note that this symmetry analysis is not re-
lated to the constant Γ approximation, but applies gener-
ally for any linear response. In Table I we give the general
form of the odd spin-conductivity tensors for Mn3Sn and
Mn3Ir. These symmetry tensors presume the existence
of SOC. We find that the spin currents in the triangular
AFMs appear even without the SOC (note that this is
also true for the SHE in Mn3Sn [42]). In absence of the
SOC, the symmetry is higher because spin is then not
coupled to the lattice directly. The symmetry restricted
shape of the odd spin-conductivity tensors in absence of
SOC is also given in Table I. These tensors can be de-
rived by considering combination of symmetries of the
nonmagnetic lattice with pure spin rotations [43, 44] and
are in good agreement with our calculations. See the
Supplemental Material [39] for further details. As shown
in Table I, the symmetry in absence of the SOC is much
higher than with the SOC. Both in Mn3Sn and in Mn3Ir
the σijk tensors have only one independent component
without the SOC.
In Fig. 2(a),(b) we plot the dependence of the mag-
nitude of the odd spin currents in Mn3Sn and Mn3Ir on
Γ. As expected, for small Γ the odd spin currents are di-
verging as 1/Γ. The magnitude of the SHE is often given
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FIG. 2. Γ dependence of the odd spin currents in Mn3Sn and
Mn3Ir. (a),(b) The magnitude of the spin current for Mn3Sn
and Mn3Ir respectively. Only the largest component is shown
for clarity. The dashed line denotes a calculation without
SOC. The dip in (b) corresponds to a sign change. (c), (d)
The SCA for Mn3Sn and Mn3Ir respectively.
in terms of the spin Hall angle, which is defined as e~
σijk
σkk
,
where σkk is the conductivity [45]. Such quantity can be
defined for any spin current. To distinguish it from the
conventional spin Hall angle we call it the spin current
angle (SCA). The SCA defined in this way is dimension-
less. In Figs. 2(c),(d) we plot the SCA as a function of
Γ for Mn3Sn and Mn3Ir. To evaluate the SCA we cal-
culated the conductivity using Eq. (1). Since both the
conductivity and the spin conductivity scale as 1/Γ for
small Γ, the SCA is independent of Γ for small Γ. As
can be seen in Fig. 2 we find that large spin currents are
present even in absence of the SOC. In the Supplemen-
tal Material [39] we give the calculation of the odd spin
currents also for other Mn3X compounds with the same
structures as Mn3Sn or Mn3Ir.
We can estimate the value of Γ by comparing the cal-
culated conductivity with the experimental conductiv-
ity. For Mn3Ir the experimental conductivity at 300 K is
2.5×104 (Ω·cm)−1 [46]. This corresponds to Γ ≈ 0.05 eV.
For Mn3Sn we find that even for very large values of Γ (up
to 0.5 eV), the calculated conductivity is smaller than the
experimental conductivity (see the Supplemental Mate-
rial [39]). This is probably because real crystals contain a
significant amount of disorder, which cannot be captured
by the constant Γ approximation.
For comparison we calculated the odd spin currents
in bcc Fe using the same method. We find that within
the constant Γ approximation the longitudinal SCA in
Fe is ∼ 18% and the transverse SCA is ∼ 1%. Note that
such a calculation is only a rough estimate because the
spin-dependent scattering is very important in FMs.
Both Mn3Sn and Mn3Ir are not fully compensated,
but have a small magnetic moment. Since this magnetic
4moment is very small, it cannot explain the odd spin
currents discussed here. This is confirmed by calculation
for Mn3Ir in which the net magnetic moment is set to
zero.
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FIG. 3. (a) Simplified Fermi level of a non-collinear AFM.
Green line denotes the Fermi level, blue and gray arrows de-
note the mean values of spin and velocity respectively. (b)
Electric field causes a redistribution of electrons at the Fermi
level, signified by thicker or thinner green line. The arrows
inside the circle show the corresponding spin currents. (c),(d)
The main features of the Fermi level can be captured by con-
sidering only three types of electrons with velocities oriented
parallel or antiparallel with their spin. (e),(f) Parallel and
antiparallel states of the AFM junction. Gray dashed arrow
denotes direction of the spin current flow, blue arrows denote
the spin polarization of the spin current and red arrows denote
the magnetic moments.
Discussion. The spin currents discussed here are sim-
ilar to the spin-polarized currents in FMs, but they differ
in some aspects. In FMs, in absence of SOC, spin is a
good quantum number and the current can be decom-
posed into a spin-up and spin-down currents. This is
the so-called two current model. Since the spin-up and
spin-down electrons that carry the current have different
properties (such as density, velocity or scattering rate),
the spin-up and spin-down currents are different and the
current is thus spin-polarized.
For non-collinear AFMs such description is not possi-
ble because in the presence of the non-collinear magnetic
order, spin is not a good quantum number even without
SOC. Therefore the electrons at the Fermi level can have
spins oriented along various directions, as illustrated in
Fig. 3(a). Since there is no net magnetic moment, the
integral of the spin of all electrons is zero. The integral
of spin times velocity also vanishes and thus there is no
spin current in equilibrium. Upon applying electric field,
electrons at the Fermi level are redistributed (see Fig.
3(b)). This results in a net current as well as a net spin
current. The main features of the Fermi level depicted in
Figs 3(a),(b) can be captured by considering only three
types of electrons, as illustrated in Figs. 3(c),(d). In is
then easy to verify that the redistribution of electrons
results in both longitudinal and transverse spin current
(the resulting spin currents are shown in Fig. 3(b)). In
contrast, in FMs, in absence of SOC, the odd spin cur-
rents are only longitudinal.
We first focus on the longitudinal spin currents. These
spin currents are analogous to the spin-polarized currents
in FMs and will thus have similar implications. When a
spin-polarized current is injected into an AFM it gener-
ates a STT which can efficiently manipulate the AFM
order [47–50]. Thus the STT will be present in a junc-
tion composed of two AFM layers separated by a thin
metallic or insulating layer (see Figs. 3(e),(f)). Such het-
erostructure is analogous to the FM spin valve or MTJ.
With large enough current, the STT could be used to
switch the junction between a parallel and an antipar-
allel configuration. Analogously to the case of SHE and
inverse SHE, there must also exist an inverse effect to the
spin-polarized current: a charge current generated by in-
jection of a spin-polarized current. This current will flow
in the opposite direction when the spin-polarization of
the spin-polarized current is reversed. The parallel and
antiparallel configurations will thus have a different con-
ductivity or equivalently different resistance, similarly to
the GMR or TMR effect. The AFM junction is thus in
principle analogous in functionality to the FM spin valve
or MTJ, however, predicting the magnitude of the mag-
netoresistance and the torque is beyond the scope of this
work.
It has been predicted by many authors that magne-
toresistance and a STT will occur even in spin valves or
tunneling junctions composed of collinear AFMs in which
current is not spin-polarized [11, 51–60]. These effects,
however, rely on quantum coherence and perfect inter-
faces and were shown to be strongly suppressed by dis-
order [57, 58, 61]. The effects we have described here, on
the other hand, do not rely on perfect interfaces and are
expected to be similarly robust as the analogous effects
in FMs since they rely only on the existence of the spin-
polarized current. We also remark that the longitudinal
spin currents can occur in nonmagnetic materials as well
if the crystalline symmetry is low enough [62]. Such spin
currents differ from the spin-polarized currents discussed
here since they are even under time reversal and require
SOC.
The transverse spin currents are similar to the spin cur-
rents due to the SHE, but differ in some key aspects. Be-
cause their origin is different they will depend differently
on disorder and material properties such as SOC. Perhaps
more importantly, the symmetry of the odd spin cur-
rents is distinct from the SHE. As a consequence the odd
spin currents can have different spin-polarization than
SHE, which could be important for the SOT [25]. Fur-
thermore, since these spin currents are odd under time-
reversal, they will tend to cancel out in samples with
many magnetic domains. Recently several experiments
have demonstrated a SOT in Mn3Ir/FM heterostructures
[26, 28–30]. While the origin of such a torque is not clear
5[29] it is known that in heavy metal/FM heterostructures,
the SHE plays an important role [37, 63]. Since our cal-
culations show that the odd transverse spin currents are
in Mn3Ir larger than the intrinsic SHE (the intrinsic SHE
in Mn3Ir is 215 ~/e(Ω · cm)−1 [36]), we expect them to
also contribute to the SOT. Taking the odd spin currents
into account could help towards a better understanding
of the unexplained features of the SOT [29].
In conclusion, we have shown that novel spin cur-
rents occur in non-collinear AFMs and that as a con-
sequence electrical current in these materials is spin-
polarized. The spin-polarized current is analogous to
the spin-polarized current in FMs and could be there-
fore utilized in the same way. This could have impor-
tant implications for the field of AFM spintronics since
several key spintronics phenomena are based on the exis-
tence of spin-polarized current. We show that—just like
the AHE—the novel spin currents are a consequence of
a symmetry breaking caused by the non-collinear mag-
netic structure. The conclusions we have made are quite
general: the odd spin currents will be present in most
magnetic materials except simple collinear AFMs.
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